The NFAT family of transcription factors encompasses five proteins evolutionarily related to the Rel/NFB family (Chytil and Verdine 1996; Graef et al. 2001b ). The primordial family member is NFAT5, the only NFATrelated protein represented in the Drosophila genome. NFAT5 is identical to TonEBP (tonicity element binding protein), a transcription factor crucial for cellular responses to hypertonic stress Miyakawa et al. 1999) . We focus here on the remaining four NFAT proteins (NFAT1-NFAT4, also known as NFATc1-c4; see Table 1 ), referring to them collectively as NFAT.
The distinguishing feature of NFAT is its regulation by Ca 2+ and the Ca 2+ /calmodulin-dependent serine phosphatase calcineurin. NFAT proteins are phosphorylated and reside in the cytoplasm in resting cells; upon stimulation, they are dephosphorylated by calcineurin, translocate to the nucleus, and become transcriptionally active, thus providing a direct link between intracellular Ca 2+ signaling and gene expression. NFAT activity is further modulated by additional inputs from diverse signaling pathways, which affect NFAT kinases and nuclear partner proteins. In the first part of this review, we describe the influence of these multiple inputs on the nuclear-cytoplasmic distribution and transcriptional function of NFAT.
Recent structural data emphasize the remarkable versatility of NFAT binding to DNA. At composite NFAT:AP-1 elements found in the regulatory regions of many target genes, NFAT proteins bind cooperatively with an unrelated transcription factor, AP-1 (Fos-Jun; Chen et al. 1998) . At DNA elements that resemble NFB sites, NFAT proteins bind DNA as dimers (Giffin et al. 2003; Jin et al. 2003) . In the second section of this review, we describe these two modes of DNA binding by NFAT. NFAT also acts synergistically with transcription factors other than Fos and Jun, but the structural basis for synergy remains unknown. Drawing on published structures, we discuss the potential cooperation of NFAT with other classes of DNA-binding proteins.
It is clear that NFAT activates transcription of a large number of genes during an effective immune response (Rao et al. 1997; Kiani et al. 2000; Serfling et al. 2000; Macián et al. 2001 ). In the third part of this review, we present information obtained from these studies, highlighting experimental and bioinformatics approaches to identifying NFAT target genes. We discuss the finding that NFAT and NFAT-Fos-Jun complexes activate distinct subsets of target genes in lymphocytes . We also describe a novel aspect of gene regulation by NFAT, in which this transcription factor participates in an early phase of chromatin remodeling that occurs at specific genetic loci in differentiating T cells (Avni et al. 2002) .
There is evidence that NFAT regulates cell differentiation programs in cell types other than immune cells (Crabtree and Olson 2002; Horsley and Pavlath 2002; Graef et al. 2003; Hill-Eubanks et al. 2003) . In the last section of this review, we select three differentiation programs-fiber-type specification in differentiated skeletal muscle, cardiac valve development, and osteoclast differentiation-for detailed consideration. We evaluate the evidence for NFAT involvement, point out novel cellular and molecular mechanisms that might regulate this familiar transcription factor, and discuss how NFAT exerts its biological effects. Because the phenotypes of NFAT knockout mice have been reviewed elsewhere (Crabtree and Olson 2002; Horsley and Pavlath 2002) , we refer to them only as necessary to illustrate specific points.
Cellular inputs affecting NFAT

Ca
2+ and calcineurin
NFAT is activated by cell-surface receptors coupled to "store-operated" Ca 2+ entry via phospholipase C (Fig. 1 ). The importance of this process is illustrated by patients with a rare form of hereditary severe combined immunodeficiency (Feske et al. 2000 (Feske et al. , 2001 . T cells from these patients showed multiple cytokine deficiency and a selective inability to activate NFAT; NFB and AP-1 activation were normal. The primary defect was traced to a pronounced reduction in store-operated Ca 2+ entry, which led to a marked impairment in activation of all NFATs.
NFAT activation is initiated by dephosphorylation of the NFAT regulatory domain, a conserved ∼300-aminoacid region located N-terminal to the DNA-binding domain (Fig. 2) . This domain is encoded in a single exon in all four NFAT proteins from all vertebrate species for which sequence data are available (Graef et al. 2001b ). The domain is heavily phosphorylated in resting cells, with the phosphorylated residues (serines) distributed among four classes of conserved serine-rich sequence motifs (SRR-1, SPxx repeat, SRR-2, and KTS motifs; Fig.  2 ; Beals et al. 1997a; Okamura et al. 2000) . Calcineurin dephosphorylates three of the four types of motifs, thus triggering NFAT nuclear accumulation and increasing the affinity of NFAT for its target sites in DNA (Shaw et al. 1995; Okamura et al. 2000; Porter et al. 2000; Neal and Clipstone 2001) . It is not formally known whether dephosphorylation is an ordered process, but mass spectrometry experiments suggest that the SRR1 region, which is immediately adjacent to the major calcineurin docking site (PxIxIT; see below), is preferentially dephosphorylated at low calcineurin activity (Okamura et al. 2000) . NFAT mutants with small deletions or S → A substitutions in the SRR1 region are more susceptible than wild-type NFAT to dephosphorylation of the SPxx repeats by calcineurin Aramburu et al. 1999) .
Efficient dephosphorylation requires a docking interaction between NFAT and calcineurin (Aramburu et al. 1998 Chow et al. 1999; J. Liu et al. 2001) . The major docking site for calcineurin is located at the N terminus of the NFAT regulatory domain, and has the consensus sequence PxIxIT (SPRIEIT in NFAT1; Fig. 2 ). The individual NFAT proteins possess characteristic PxIxIT sequences with a low affinity for calcineurin (K d = 10-30 µM), needed to maintain sensitivity to environmental signals and prevent constitutive activation of NFAT. Substitution of the SPRIEIT sequence of NFAT1 with HPVIVIT, a higher-affinity version obtained by peptide selection, increased the basal calcineurin sensitivity of the protein and resulted in partial nuclear localization . The A238L protein of African swine fever virus, a potent viral inhibitor of NFAT, contains a PKIIIT sequence that is likely to be intermediate in affinity between the SPRIEIT and HPVIVIT sequences (Miskin et al. 2000) . The surface of NFAT-calcineurin interaction is likely to be more extensive than the PxIxIT motif, however, because a second interacting sequence has been identified in NFAT2 and in NFAT4 (Liu et al. 1999; Park et al. 2000) . This sequence (calcineurin-binding sequence B in Fig. 2 ) is moderately conserved in the NFAT proteins and resembles a highly conserved sequence in the calcineurin inhibitors DSCR1/ MCIP1 (Fuentes et al. 2000; Kingsbury and Cunningham 2000; Rothermel et al. 2000) . Structural and cell-biological studies should establish whether NFAT and DSCR1/ MCIP1 use this region for calcineurin binding and inhibition, and whether they compete for calcineurin binding in cells.
In overexpression experiments, NFAT nuclear localization is accompanied by some relocalization of calcineurin from the cytoplasm into the nucleus (Shibasaki et al. 1996) . This process has been documented for endogenous calcineurin and NFAT1 in primary keratinocytes (Al-Daraji et al. 2002) , but is not readily observed for the endogenous proteins in other cell types. Nevertheless, it is clear that calcineurin is present in the nucleus of stimulated cells, where it maintains the dephosphorylated status and nuclear localization of NFAT. When Ca 2+ entry is prevented or calcineurin activity is inhibited, NFAT is rephosphorylated by NFAT kinases and rapidly leaves the nucleus (t 1/2 ∼ 15 min), and NFATdependent gene expression is terminated (Garrity et al. 1994; Loh et al. 1996a,b; Timmerman et al. 1996) . As a result of this absolute dependence on Ca 2+ /calcineurin signaling, NFAT has a remarkable ability to sense dynamic changes in intracellular Ca 2+ levels ([Ca 2+ ] I ) and frequencies of Ca 2+ oscillations in cells (Dolmetsch et al. 1997 (Dolmetsch et al. , 1998 Li et al. 1998) .
The parameters of Ca 2+ /calcineurin signaling can be modulated in diverse ways. The TNF family member RANKL elicits Ca 2+ oscillations in differentiating osteoclasts (Takayanagi et al. 2002) . In T cells, TGF␤ inhibits Tec kinase activity and thereby Ca 2+ influx . Calcineurin activity may be controlled independently of [Ca 2+ ] I by modulating the expression of members of the DSCR/MCIP family of endogenous calcineurin inhibitors. This process incorporates a negative feedback loop: Calcineurin/NFAT signals up-regulate DSCR1/MCIP1 expression, which then feeds back to down-regulate calcineurin activity (J. .
NFAT kinases
The 13 serine residues that control NFAT1 nuclear localization are located in diverse sequence contexts that are unlikely to be recognized by a single kinase (Fig. 2) . The implication is that several constitutive kinases cooperate to maintain the inactive, phosphorylated state of NFAT in resting cells; similarly, several inducible and/or constitutive kinases may act to rephosphorylate NFAT that has been dephosphorylated during cell activation. Sequence comparisons show that the SRR-1 region is extended in NFAT2-4, whereas the SP-2 and SP-3 motifs are truncated in NFAT3 (Okamura et al. 2000) ; thus, different NFAT proteins may be regulated by overlapping but distinct sets of constitutive and inducible kinases. Because phosphorylation specifies the subcellular distribution, DNA binding affinity, and transcriptional activity of NFAT (Shaw et al. 1995; Beals et al. 1997a; Okamura et al. 2000; Porter et al. 2000; Neal and Clipstone 2001) , regulation of each NFAT protein by multiple kinases should in theory permit an almost continuous modulation of the level of NFAT activation. Although several NFAT kinases have been identified, an integrated picture of NFAT phosphorylation has not yet emerged. CK1 and GSK3 are constitutive NFAT kinases that promote NFAT nuclear export (Beals et al. 1997b; Zhu et al. 1998) ; phosphorylation by GSK3 requires prior phosphorylation by a priming kinase such as PKA (Sheridan et al. 2002) . Consistent with its known sequence preference (Harwood 2001) , GSK3 phosphorylates the SPxx motifs of NFAT2 (Beals et al. 1997b ). The MAP kinases p38 and JNK are inducible kinases that promote NFAT nuclear export, by selectively phosphorylating NFAT proteins at the Ser-Pro (SP) sequences at the beginning of their SRR-1 regions: JNK1 phosphory- ] I increase by depleting ER Ca 2+ stores; and store depletion is sensed by an as-yet-uncharacterized signaling mechanism that triggers a sustained process of "store-operated" Ca 2+ entry through CRAC channels in the plasma membrane. [Ca 2+ ] I increases result in activation of many calmodulin (CaM)-dependent enzymes, including the phosphatase calcineurin and the CaM-dependent kinases CaMKII and CaMKIV. Calcineurin dephosphorylates multiple phosphoserines on NFAT, leading to its nuclear translocation and activation. Calcineurin activity is inhibited by the immunosuppressive drugs cyclosporin A (CsA) and FK506, which act as complexes with their intracellular immunophilin receptors cyclophilin and FKBP12, respectively. In parallel, hydrolysis of PIP2 by PLC results in production of diacylglycerols (DAG), which activate RasGRP and protein kinase C (PKC). Receptor activation is coupled to activation of protein tyrosine kinases (PTKs), Ras, MAP kinases (MAPK), and PI-3 kinase (PI3K). MAP kinase activation leads to synthesis and activation of Fos and Jun, the components of the heterodimeric transcription factor AP-1, which then binds cooperatively with NFAT to composite NFAT:AP-1 sites found in the regulatory regions of many NFAT target genes. Ca 2+ mobilization is terminated by Ca 2+ -binding proteins and by Ca 2+ ATPases in the ER and plasma membranes, which pump Ca 2+ back into ER stores and out of the cell, respectively. The ER enzyme is inhibited by thapsigargin, which depletes ER Ca 2+ stores and activates CRAC channels in the absence of receptor stimulation. In neurons and vascular smooth muscle cells, NFAT is selectively activated by Ca 2+ influx through L-type Ca 2+ channels (LTCC; Graef et al. 1999; Stevenson et al. 2001) . The underlying mechanism is not understood. Potentially, calcineurin and NFAT could be localized to the vicinity of plasma membrane signaling complexes containing LTCC, NMDA receptors, and scaffold/adapter proteins such as PSD95 and AKAP-79. Alternatively, as suggested for CREB activation, the mechanism could involve selective activation of MAPK pathways via calmodulin bound to LTCC lates NFAT2 and NFAT4, whereas p38 selectively targets NFAT1 and NFAT3 (Chow et al. 1997; Gómez del Arco et al. 2000; Yang et al. 2002) . For JNK1, a proposed mechanism is that phosphorylation of the SPRIEIT calcineurin-docking site of NFAT2 blocks the interaction of NFAT2 with calcineurin .
Selective activation of export kinases explains how individual NFAT proteins might be differentially regulated in a single cell type. For instance, developing skeletal muscle cells show selective nuclear localization of NFAT2 in conjunction with cytoplasmic localization of NFAT1 and NFAT4 (Abbott et al. 1998 ). This behavior is also observed in T cells stimulated for 5-6 h through the T-cell receptor (TCR; Loh et al. 1996a) ; it could occur through activation of export kinases selective for NFAT1 and/or inhibition of export kinases selective for NFAT2. In another illustration, NFAT3 in hippocampal neurons remained nuclear for 60-90 min after brief depolarization with high K + , reflecting either inhibition of an NFAT3 kinase or unusually prolonged calcineurin activation (Graef et al. 1999) . In T cells, T-cell receptor stimulation is coupled to Ca 2+ /calcineurin signaling and NFAT nuclear import, where as stimulation through the costimulatory receptor CD28 potentiates activation of the PI-3 kinase pathway and hence the kinase Akt/PKB (Parry et al. 1997; Cantrell 2002) . Akt promotes an inhibitory phosphorylation of GSK3 (Cross et al. 1995) . The net result is that CD28 costimulation, by activating Akt, inhibits GSK3 and therefore NFAT nuclear export, prolonging the duration of NFAT nuclear residence in T cells stimulated through both the TCR and CD28, relative to T cells stimulated through the TCR alone (Diehn et al. 2002) .
As with other transcription factors, NFAT transcriptional activity may be regulated by modification of the transactivation domains. This aspect has not been studied extensively, however. Inducible phosphorylation of the transactivation domain has been observed for NFAT1, and mutation of the modified serines eliminates (Okamura et al. 2000) . Regulatory-domain phosphorylations in conserved sequence motifs are shown as circles below the motif. Red circles indicate phosphate groups that are removed by calcineurin, whereas the black circle in the SRR-2 region is not susceptible to dephosphorylation by calcineurin. The two regions involved in contacting calcineurin are indicated. Region A is the PxIxIT sequence found in all NFAT proteins, and region B has been defined in NFAT2 and in NFAT4. (AD) Activation domains; (NLS) nuclear localization signal in the regulatory domain. A subsidiary NLS is located in the RHR-C domain (Beals et al. 1997a) . (Middle) Sequences of phosphorylated motifs in murine NFAT1, with phosphorylated residues indicated in blue boxes, other conserved residues shaded in yellow, and the core of the nuclear localization signal (KRR) shown in bold. The phosphorylated residues in the SPxx, SRR-2/NLS, and KTS motifs were identified by mass spectrometry; those shown as phosphorylated in the SRR-1 region indicate one possible arrangement of the five residues known to be phosphorylated, among the seven serines present in the motif (Okamura et al. 2000) . (Bottom) Sequences of the calcineurin-binding region B of NFAT2 and NFAT4 aligned with the corresponding sequences of other NFAT proteins and the similar sequence in DSCR1. All sequences are from the human proteins.
transcriptional activity (Okamura et al. 2000) . The Cot1 and Pim1 kinases potentiate transactivation by NFAT1 and NFAT2, respectively (de Gregorio et al. 2001; Rainio et al. 2002 ), but it is not known whether this occurs through direct phosphorylation of the NFAT transactivation domain.
Other considerations
Multisite phosphorylation: The phosphorylation status of the regulatory domain specifies DNA-binding affinity as well as relative exposure of nuclear localization (NLS) and nuclear export (NES) sequences (Shaw et al. 1995; Beals et al. 1997a; Okamura et al. 2000; Porter et al. 2000; Neal and Clipstone 2001) , but how this occurs has not yet been elucidated at a structural level. The most likely hypothesis is that dephosphorylation facilitates a global conformational switch of NFAT from an inactive to an active conformation (Okamura et al. 2000) , possibly by interrupting multiple interactions of phosphorylated motifs with complementary sequences on NFAT itself and/or on partner proteins (Beals et al. 1997a; Porter et al. 2000; Neal and Clipstone 2001) . Multisite phosphorylation is known to increase the sensitivity of biochemical processes to their signaling inputs (e.g., see Nash et al. 2001; Orlicky et al. 2003) . In a mathematical model of the NFAT conformational switch, Salazar and Höfer (2003) addressed the longstanding puzzle of why there are so many phosphorylation sites on NFAT, by calculating the sensitivity of NFAT to changes in calcineurin activity as a function of the number of dephosphorylations required to induce the active conformation. If the number of dephosphorylations was set at the 13 sites actually observed for NFAT1 (Okamura et al. 2000) , the dose-response curve was steep and highly cooperative, defining a threshold of calcineurin activity below which NFAT remained inactive and above which full activation was obtained. In contrast, if dephosphorylation at only 1-2 sites was postulated to be sufficient for full activation, a very shallow dose-response curve was obtained (i.e., even a large increase in calcineurin activity induced only a small increase in NFAT activity; Salazar and Höfer 2003) .
Nuclear transport: The nuclear-cytoplasmic ratio attained by an NFAT protein reflects not only the balance of calcineurin and NFAT kinase activities, but also the summation of import and export rates of NLS-exposed and NES-exposed forms. The export kinetics of NFAT lag behind the kinetics of its rephosphorylation in the nucleus (Loh et al. 1996a,b) , possibly because the phosphorylated SP motifs need to be restored to the proper configuration by the phosphoSP-selective prolyl isomerase Pin 1 (W. . The import receptor for NFAT has not been definitively identified, although a potential candidate is Rch1 (Torgerson et al. 1998) ; the export receptor is most likely Crm1, the target of the nuclear export inhibitor leptomycin B (Klemm et al. 1997; Kehlenbach et al. 1998) , which preferentially binds phosphorylated NFAT1 (Okamura et al. 2000) . It is not clear whether phosphorylated NFAT exposes an intrinsic NES (as suggested for NFAT2; Klemm et al. 1997) , or whether NES function is conferred by proteins such as 14.3.3 that bind to the phosphorylated form (as suggested for NFAT3; . The putative NES of 14.3.3 was shown to function globally in ligand binding rather than directly mediating nuclear transport (Brunet et al. 2002) , indicating that a different NES is needed. Whatever the specific mechanism, import/export kinetics will contribute to averaging NFAT activity under conditions of intermittent stimulation.
Autoregulation of NFAT2: The shortest isoform of NFAT2 (NFATc/A) is induced in a CsA-sensitive manner by NFAT itself, in a process suggested to constitute a positive autoregulatory loop (Zhou et al. 2002) . This protein is generated through utilization of a distinct inducible promoter that is preferentially coupled to the most proximal polyadenylation site (Chuvpilo et al. 1999) . As a result, NFATc/A lacks the entire C-terminal domain and contains an alternate N-terminal domain, which differs from that of other NFAT isoforms in that it is not highly acidic. Positive autoregulation of one isoform of a transcription factor is a familiar strategy in cell lineage commitment, because it ensures that high levels of the factor are available to maintain the committed state (Davidson 2001) . The fact that an NFAT2 isoform is the only NFAT protein subject to positive autoregulation explains why NFAT2 is most often identified as the major NFAT protein participating in a biological response (e.g., Th2 and osteoclast differentiation; Glimcher and Murphy 2000; Takayanagi et al. 2002) . This important aspect of gene regulation by NFAT is discussed more extensively below.
Signaling pathways that affect AP-1 activity: As noted below, the AP-1 transcription factor is a major transcriptional partner of NFAT (Macián et al. 2001) . Classically, AP-1 consists of heterodimers of Fos-and Junfamily proteins: Fos proteins do not dimerize with one another, and Jun dimers bind DNA with lower affinity than Fos-Jun (Chinenov and Kerppola 2001; Jochum et al. 2001; Mechta-Grigoriou et al. 2001) . Because AP-1 activity is also modulated by diverse signaling inputs (Davis 2000) , NFAT:AP-1-dependent transcription integrates a very large number of signaling pathways and processes: The magnitude and kinetics of [Ca 2+ ] I increases; the level of calcineurin activity; the activities of kinases that modulate NFAT nuclear export, DNAbinding, or intrinsic transcriptional activity; the activities of PKC/MAP kinase pathways and other signaling pathways that influence Fos-Jun synthesis and activation; and the integrity of cytoskeletal interactions and other intracellular processes that have more global effects. In consequence, NFAT:AP-1-based reporter assays are ideal for overall evaluations of cellular signaling: In T cells stimulated through antigen and costimulatory receptors, NFAT: AP-1 reporter activity is influenced by overexpression of wild-type or mutant versions of a multitude of signaling proteins (e.g., see Sosinowski et al. 2000; Kaminuma et al. 2001) . In other cell types, Ca 2+ mobilization is coupled to stimulation through receptor tyrosine kinases and G-protein-coupled receptors, and NFAT reporters would be useful in an unbiased quest for signaling molecules in these pathways as well.
Diverse modes of DNA binding by NFAT
Structural relation to the Rel/NFB family
All five proteins of the NFAT family, NFAT1-NFAT4 and NFAT5/TonEBP, may be classified as members of the extended NFB/Rel family (Fig. 3) . The classification is based on the structural similarities of their DNA-binding domains, also known as Rel homology regions (RHR). The canonical mode of DNA binding by the RHR has been well characterized in the structures of several NFB-DNA complexes (Ghosh et al. 1995; Muller et al. 1995) : The RHR contains two functionally distinct domains, an N-terminal specificity domain (RHR-N) that makes base-specific DNA contacts, and a C-terminal domain involved in dimer formation and IB binding (RHR-C; Fig. 4 ; Huxford et al. 1998; Jacobs and Harrison 1998) . Of the five NFAT proteins, NFAT5/TonEBP shows the highest degree of structural similarity to NFB, forming a symmetric dimer with a striking resemblance to the NFB-DNA complex (Fig. 4 , cf. A and B; Stroud et al. 2002) . The detailed dimerization interactions mediated by the RHR-C of NFAT5 are very similar to those observed in NFB, but the unique feature of the NFAT5 dimer-DNA complex is a second dimer interface formed by the EЈF loop of the RHR-N domain (Fig. 4B) . As a result, NFAT5 completely encircles its DNA (Fig. 4B ), explaining the unusually slow dissociation kinetics of the NFAT5-DNA complex (Stroud et al. 2002) .
Two NFAT1 dimer complexes, bound to B sites from the IL-8 promoter and the HIV-1 LTR, have recently been characterized at the structural level (Giffin et al. 2003; Jin et al. 2003) . As in the NFAT5 and Rel dimer complexes, the NFAT1 dimer interface resides in the C-terminal region of the RHR (Fig. 4C,D) . However, this interface is surprisingly different from the symmetric and hydrophobic RHR-C dimer interface seen in NFAT5 and NFB: It is asymmetric and largely hydrophilic, and involves residues not used in Rel or NFAT5. The interface is essentially identical in the NFAT1 dimers bound to the IL-8 and HIV-1 LTR B sites, but these two NFAT1 dimer complexes differ significantly in their RHR-N interactions and hence their overall conformation (Fig. 4 , cf. C and D). Specifically, the NFAT1 dimer on the HIV-1 LTR B site completely encircles the DNA through EЈF-loop interactions in the RHR-N domain, in a manner similar to that seen in the NFAT5-DNA complex (Fig. 4 , cf. B and C). In the ternary NFAT/Fos-Jun/ DNA complex (see Fig. 5 ; Chen et al. 1998) , the EЈF loop constitutes the major binding site for Fos-Jun, emphasizing the versatility of this protein surface in promoting assembly of distinct transcription complexes containing NFAT.
DNA binding by NFAT dimers is a versatile mechanism permitting homo-and heterodimer formation at response elements with varying sequences and spacing. Many of the RHR-C interface residues observed in the NFAT1 dimer are conserved in NFAT2 and NFAT4; in cases where the residues differ, interface complementarity appears to be maintained by covariation of the interacting residues. NFAT3 is a potential exception because it has significantly different residues at positions corresponding to those in the NFAT1 dimer interface. Modeling studies suggest that NFAT1, NFAT2, and NFAT4 would be capable of forming both homo-and heterodimers on B-like DNA sites. These interactions are likely to be confined to the NFAT family, however: Although NFAT1-4, NFAT5/TonEBP, and NFB/Rel dimers can all bind similar DNA elements, their modes of dimerization are different (Fig. 4) and they respond to distinct intracellular signals , suggesting that mixed NFAT/NFAT5/NFB dimers do not normally occur.
The 3 site of the TNF␣ promoter (TGGAGAAACCC) is a good example of a physiological B-like site to which NFAT binds as a dimer (Goldfeld et al. 1993; McCaffrey et al. 1994) . It resembles the 10-bp B site used for structure determination by Giffin et al. (2003) . Binding is nucleated at the half-site shown in bold, but the other half-site (underlined) is quickly occupied at low NFAT concentrations (McCaffrey et al. 1994) . Mutation of NFAT contact residues impairs TNF␣ promoter activity in reporter assays in T and B cells (Goldfeld et al. 1993) . Sites that can bind both NFAT and NFB have been identified in the HIV-1 LTR and in the IL-8, IL-13, and GM-CSF promoters (for review, see Rao et al. 1997; Macián et al. 2001) ; which factors actually occupy the site in vivo depends on the cell type being examined and the specific In B and C, the EЈF loop of each protein partner extends toward the midline below the DNA helix and forms a second dimer interface. The DNA sequence of each complex is shown below the structure.
conditions of stimulation. Because NFAT is not an obligate dimer and the cooperativity of the DNA-bound dimer is less than that observed for the NFAT:AP-1 complex, it is plausible that some dimeric elements may bind NFAT either as a monomer or as a dimer depending on the available concentration of this transcription factor in the nucleus.
Cooperative interactions with Fos-Jun proteins in the nucleus
NFAT1-4 proteins form strong cooperative complexes on DNA with the unrelated transcription factor AP-1 (Fos-Jun dimers; Fig. 5 ; Chen et al. 1998; Macián et al. 2001) . The ternary NFAT:Fos:Jun complexes serve as signal integrators for two diametrically different signaling pathways, the calcium/calcineurin pathway that activates NFAT and the phorbol ester-responsive MAP kinase pathway that promotes the synthesis and activation of Fos and Jun family proteins. The NFAT:Fos:Jun complexes contact an ∼15-bp stretch of DNA, in which the NFAT and AP-1 elements are precisely apposed to create a true "composite" site (Fig. 5; Chen et al. 1998 ). The residues involved in Fos-Jun contact are located largely in the N-terminal RHR domains of NFAT, and form an extensive network of mostly polar interactions with residues in the basic leucine zipper regions of Fos and Jun; they are not strong enough to stabilize the NFAT:AP-1 complex in the absence of DNA. The interacting residues are almost completely conserved in NFAT1-4 but are absent from NFAT5 indicating that the ability to cooperate with Fos and Jun was a late evolutionary development.
A wide range of composite binding sites is observed in the regulatory regions of NFAT target genes (Kel et al. 1999 ; for review, see Rao et al. 1997; Macián et al. 2001) . By analyzing a set of 11 experimentally verified NFAT: AP-1 composite sites, Kel et al. (1999) demonstrated that the free energy of NFAT and AP-1 binding to their respective subsites showed a striking inverse correlation, in that strong NFAT binding tended to be paired with weak AP-1 binding and vice versa (see Table 2 ). Presumably, the total free energy of binding is maintained within a narrow range because of biological constraints, such as a need for rapid disassembly of NFAT:AP-1-containing transcription complexes when the initiating stimulus decays.
A common feature of natural promoters and enhancers is the presence of multiple binding sites for critical transcription factors (Davidson 2001) . This is especially true for NFAT target genes, whose promoters and distal enhancers generally contain multiple NFAT or NFAT:AP-1 sites (Rao et al. 1997; Macián et al. 2001) . Could NFAT: AP-1 complexes separated by tens, hundreds, or thousands of base pairs interact through their RHR-C dimer interfaces? In the ternary NFAT:AP-1/DNA complex, the RHR-C residues involved in NFAT dimerization are exposed to solvent but lie in a deep groove between the RHR-N and RHR-C, sterically precluding such interactions. However, given the multiple orientations of RHR-C observed in different NFAT complexes, the RHR-C in the NFAT:AP-1 complex could conceivably The mouse GM550 element, and the human and mouse IL-4 elements, do not show the strict spacing between the NFAT and AP-1 sites assumed from the crystal structure to be essential for optimal NFAT:AP-1 cooperation (Fig. 5) . Cooperative binding on the IL-4 element was demonstrated by footprinting with recombinant Fos, Jun, and NFAT. In the case of GM-CSF, the GM330, GM420, and GM550 elements are part of a single enhancer region in which they most likely have redundant functions; there is also a fourth element that does not show cooperative binding. Thus, the difference in spacing between the human and mouse GM550 elements could reflect the fact that this element is not essential for enhancer function, even in humans.
rearrange to allow RHR-C interface formation, thus promoting the assembly of long-range, higher-order NFAT: AP-1 complexes. Further versatility would arise from utilization of different NFAT-Fos-Jun combinations.
With the advent of new reagents ("tethered AP-1" dimers; Bakiri et al. 2002) , constitutively active NFAT proteins Monticelli and Rao 2002; Porter and Clipstone 2002) , and mutant NFAT proteins impaired for RHR-N or RHR-C-mediated dimer formation (Giffin et al. 2003; Jin et al. 2003) , the functions of different NFAT:AP-1 combinations and higher-order NFAT:AP-1 complexes may be explicitly assessed.
Interactions with other transcription factors
In addition to its interaction with AP-1, NFAT engages in direct protein-protein interactions and/or influences transcription synergistically with several families of transcription factors: proteins such as Maf, ICER, and p21SNFT that belong to the same basic region-leucine zipper (bZIP) family as AP-1 Bodor et al. 2000; Bower et al. 2002) ; the zinc finger proteins GATA (see below), and EGR (Decker et al. 1998 (Decker et al. , 2003 ; the helix-turn-helix domain proteins Oct, HNF3, and IRF-4 (Fürstenau et al. 1999; Bert et al. 2000; Hu et al. 2002; Rengarajan et al. 2002) ; the MADS-box protein MEF2 (for review, see Olson and Williams 2000; Crabtree and Olson 2002; McKinsey et al. 2002) ; and the nuclear receptor PPAR-␥ (X.Y. . For transcriptional partners other than AP-1, it is not known whether the synergy with NFAT occurs in the context of true "composite" regulatory elements that have a defined geometry and spatial orientation for cooperative binding of NFAT and these partner proteins. bZIP proteins other than Fos and Jun: The interaction of NFAT with Fos-Jun proteins cannot be detected in solution but is remarkably cooperative on DNA (Jain et al. 1992 (Jain et al. , 1993a Chen et al. 1995; Cockerill et al. 1995) . In contrast, another bZIP protein, Maf, was identified as a transcriptional partner for NFAT based on a purely protein-protein interaction in a yeast two-hybrid screen . In cotransfection assays, NFAT and Maf synergistically activated a reporter plasmid driven by the IL-4 promoter. Although cooperative NFAT:Maf binding was not observed on the site originally investigated because of the inverse orientation of the NFAT site relative to the Maf binding site , Maf and NFAT could conceivably cooperate at classical NFAT:AP-1 sites (Fig. 6 ). The key NFAT-binding residues in Jun are not all conserved in Maf, but the modeled NFAT-Maf interface has good shape and chemical complementarity. Mutagenesis studies indicate that Arg 285 of Jun is critical for NFAT binding (Peterson et al. 1996) ; in the modeled Maf/NFAT interface, a Gln residue in this position can make similar contacts with NFAT.
Two other small bZIP proteins, ICER and p21SNFT, have been reported to bind NFAT and inhibit NFATdependent transcription (Bodor et al. 2000; Bower et al. 2002) . Again, ICER does not conserve all the critical NFAT-binding residues in Jun, but the NFAT:ICER interface has a plausible level of complementarity. In fact, the Tyr residue in ICER that corresponds to Arg 285 in Jun could potentially interact with NFAT even more strongly (Fig. 6 ). p21SNFT binds NFAT mainly as a heterodimer with Jun (Bower et al. 2002) , and it is therefore expected that the binding interactions are mostly mediated by Jun and will be similar to that seen in the NFAT/ Fos-Jun/DNA complex.
IRF and EGR proteins: NFAT cooperates with IRF4 at the IL-2 and IL-4 promoters (Hu et al. 2002; Rengarajan et al. 2002) and with EGR-1 at the IL-2 and TNF-␣ promoters (Decker et al. 1998 (Decker et al. , 2003 . These interactions are not well characterized-the interacting domains have not been delineated, and composite DNA elements have not been defined. In an IRF-4/NFAT complex modeled on a putative composite site from the IL-4 promoter (Hu et al. 2002) , IRF-4 and NFAT can potentially bind DNA simultaneously, and their DNA binding domains can interact; similarly, an EGR-1/NFAT complex modeled on a site from the TNF-␣ promoter (Decker et al. 2003) allows simultaneous DNA binding with direct contact between the RHR of NFAT and the zinc finger domain of EGR-1 (LC; data not shown). Although the flexible conformation of the RHR-C poses uncertainty in modeling these higher-order transcription complexes, it also increases the likelihood that NFAT could interact with a variety of partners on different composite sites.
GATA proteins: Cooperation of NFAT with GATA family members has been observed in many systems (see Table 3 ). NFAT:GATA cooperation has been established by synergistic activation of reporter plasmids (Molkentin et al. 1998; Morimoto et al. 2001; Avni et al. 2002; Nemer and Nemer 2002; Wada et al. 2002) as well as by direct binding of RHR-C of NFAT3 to a DNA-binding "bait" fragment of GATA4 in a yeast two-hybrid assay (Molkentin et al. 1998) . There is evidence for preferential interactions involving the endogenous proteins. In coimmunoprecipitation experiments using a skeletal muscle cell line, GATA2 bound NFAT2 but not NFAT1 (Musaro et al. 1999) . There is no overlap between NFAT:GATA and NFAT-AP-1 interaction surfaces, consistent with involvement of RHR-C and RHR-N, respectively. An NFAT1 protein bearing mutations in three key Fos-Juninteracting residues that abrogated the ability of NFAT1 to cooperate with AP-1 was as effective as or more effective than wild-type NFAT1 in its ability to synergize functionally with GATA3 in a transient reporter assay in T-cells (Avni et al. 2002) . However, sequence inspection of regulatory regions has not led to unambiguous identification of a composite NFAT:GATA element with specific spacing and orientation, and cooperative NFAT:GATA binding on DNA has not been reported (Table 3) .
Biological implications
NFAT1-4 proteins bind DNA as monomers at cognate (GGAA) sites (L. Chen, unpubl.) , as dimers at B-like response elements (Fig. 4) , and as cooperative complexes with Fos and Jun at NFAT:AP-1 composite sites (Fig. 5) . The general feature of these various complexes is that the DNA-binding interactions and conformations of the NFAT RHR-N are highly conserved, but the conformation of the RHR-C is quite variable. This diversity of binding modes arises, at least in part, from the fact that NFAT is not an obligate dimer; thus, in contrast to Rel and NFAT5 proteins, which are dimers under all circumstances, the RHR-N and RHR-C of NFAT are free to adopt a variety of orientations in different transcription complexes. This remarkable conformational flexibility of NFAT on different DNA sites is likely to facilitate assembly of NFAT into distinct higher-order complexes containing diverse DNA-binding partners, and would be expected to modulate recruitment of specific transcriptional coregulators in different promoter contexts (Lefstin and Yamamoto 1998; Agalioti et al. 2000; Escalante et al. 2002) , as illustrated for the POU-domain protein Pit-1 (Scully et al. 2000) .
Transcriptional regulation by NFAT
Strategies for identification of distal regulatory elements that bind NFAT
Although gene expression is ultimately regulated at the proximal promoter, which binds RNA polymerase and the core transcriptional machinery, distal regulatory regions have profound effects on the expression of nearly all genes (Davidson 2001) . This is illustrated by the fact that the proximal promoter alone rarely supports correct, cell-type-specific expression of a linked reporter gene in transgenic mice-very large regions, amounting to hundreds of kilobases of surrounding DNA, are often needed (Lakshmanan et al. 1999; Yui et al. 2001) . The presence of distal regulatory elements is a general feature of NFAT target genes in T cells; in particular, distal enhancers are present in all cytokine genes that have been examined in sufficient detail, including the IL-3, GM-CSF, IL-4, IL-10, and IFN-␥ genes (Cockerill et al. 1993 Duncliffe et al. 1997; Agarwal et al. 2000; Avni et al. 2002; Hawwari et al. 2002; S.-H. Im, D.U. Lee, and A. Rao, unpubl.) . Distal NFATdependent gene regulatory elements have been located experimentally by hunting for inducible DNase I hypersensitive sites whose induction is blocked by CsA or FK506 (Cockerill et al. 1993 Duncliffe et al. 1997; Agarwal et al. 2000; Hawwari et al. 2002) . These regions often (but not always) correspond to highly conserved noncoding sequences (CNS) identified by comparing the sequences of gene loci in two or more mammalian genomes using Web-based programs such as VISTA (Mayor et al. 2000; Loots et al. 2002; Bray et al. 2003) or PipMaker . This point is illustrated in Figure 7 for the IL2, IL-3, and GM-CSF genes. The enhancers may be located 5Ј of the proximal promoter, within intronic regions, or 3Ј of the gene; they tend to contain binding sites not only for NFAT, but also for constitutive or lineage-specific transcription factors that confer cell-type specificity of gene expression (Agarwal et al. 2000; Avni et al. 2002 ; D.U. Lee and A. Rao, unpubl.) .
Although bioinformatics comparison of genomic sequences is a useful strategy for identifying regulatory regions, it does not by itself delimit individual transcription-factor-binding sites; pattern-matching programs or visual inspection must be used to search within the conserved area for known binding motifs. Recognition sites for factors with poorly defined binding motifs will not be identified in this way, although, if biological experiments implicate such a factor, a CNS correlated with a DNase I hypersensitive site is an excellent candidate region in which to search for a DNA target. Composite NFAT:AP-1 elements, and indeed all composite DNA elements, present a particular problem for bioinformatics recognition of binding sites on DNA. Because protein-protein interactions contribute to the stability of the cooperative NFAT:AP-1 complex, either NFAT or AP-1 may attach to a suboptimal sequence if the other partner has bound to a high-affinity site. These suboptimal sequences are often recognizable when NFAT/AP-1 binding has been shown experimentally (see Table 2 ), but are too degenerate to be useful in long-range screens of extended genomic regions. It is important to note, however, that even bioinformatics predictions for easily 
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recognized sites need to be validated by biological experiments.
Redundant versus nonoverlapping functions of individual NFAT proteins
The different NFAT proteins appear to have relatively redundant functions in cells, as judged by the generally mild phenotypes of mice lacking individual NFAT proteins (for review, see Crabtree and Olson 2002) . In three notable exceptions, deletion of NFAT2 results in embryonic lethality because of defects in cardiac valve formation (de la Pompa et al. 1998; Ranger et al. 1998a) , the smallest isoform of NFAT2 is selectively unable to promote apoptosis in T cells (Chuvpilo et al. 2002) , and deletion of NFAT1 alone substantially reduces cytokine production by mast cells (Tsytsykova and Goldfeld 2000; Solymar et al. 2002) . In most cases, however, pronounced functional impairments are not observed unless two or more NFAT proteins are lacking. For instance, deletion of both NFAT1 and NFAT2 is required for effective loss of cytokine production in T cells ); deletion of both NFAT1 and NFAT4 is required to produce a major bias toward Th2 cytokine production in mice Figure 7 . Correlation of conserved noncoding sequences (CNS) with DNase I hypersensitive (DH) sites. Mouse and human sequences containing IL2 and the linked IL3/GM-CSF loci were subjected to VISTA comparison to identify CNS regions, followed by Findpatterns analysis to identify conserved NFAT sites. We considered (A or T)GGAAA to be optimal, but also searched with (A or T)GGAGA and the minimal motif GGAA in order to detect suboptimal NFAT binding sites. In each VISTA graph, the extent of sequence identity is plotted on the Y-axis against the indicated reference sequence (human or mouse); exons are shown in blue; CNS, with >75% conservation, in pink. Note that the CNS flanking the transcriptional units have higher sequence similarity between human and mouse than do the exons (this is likely to reflect strong evolutionary pressure from pathogens on the cytokine genes). A diagram of predicted, conserved NFAT binding sites in one biologically interesting CNS is given below each graph. (N) NFAT; (A) AP-1. (A) IL-2. The bifurcated CNS immediately upstream of the start of transcription correlates with DH sites II (constitutive) and III (inducible) observed by Siebenlist et al. (1986) . The two 5Ј CNS regions are not hypersensitive under their conditions. The ARRE2 composite NFAT:AP-1 site (Fig. 5) is indicated. (B) IL-3. The indicated CNS corresponds to both the inducible −4.5 kb and the constitutive −4.1 kb DH sites observed by Hawwari et al. (2002) ; the second and third CNS correlate with the constitutive sites at −1.5 and −0.1 kb (promoter). (C) GM-CSF. The second and fourth CNS correlate with the inducible DNase I hypersensitive sites at −2.0 and −0.1 kb (promoter) described by Osborne et al. (1995) ; the first and third CNS are not hypersensitive under their conditions. Accession numbers for the sequences used are NT_007072 (human IL3 and GM-CSF), NT_039520 (murine IL3 and GM-CSF), NT_016354 (human IL2), and NT_039228 (murine IL2). (Ranger et al. 1998b ); deletion of both NFAT3 and NFAT4 is required to produce lethal defects in vascular patterning in the embryo (Graef et al. 2001a) ; and deletion of three members-NFAT1, NFAT3, and NFAT4-is required to observe striking defects in axonal outgrowth in the central and peripheral nervous systems (Graef et al. 2003) . The disparate phenotypes of NFATdeficient mice (Crabtree and Olson 2002 ) may therefore reflect differences in intracellular regulation (see above) and/or different expression levels in different cell types. In fact constitutively active versions of NFAT1 and NFAT2, in which a large fraction of the phosphorylated serines have been mutated to alanine to mimic the dephosphorylated form, have been generated Monticelli and Rao 2002; Porter and Clipstone 2002) ; when expressed at low levels in T cells, under conditions in which the activities of endogenous NFAT proteins are blocked with CsA, the two proteins are similar in their ability to elicit expression of most cytokine genes (Monticelli and Rao 2002) .
Despite the apparently interchangeable activities of NFAT proteins in acute assays for gene expression, NFAT2 is reported to have a predominant role in at least two cellular differentiation programs in vivo: differentiation of osteoclasts from monocyte precursors (Takayanagi et al. 2002) and differentiation of Th2 cells from antigen-"naive" T cells (for review, see Glimcher and Murphy 2000) . This could reflect selective regulation of NFAT2 as reported for developing skeletal muscle cells (Abbott et al. 1998) . Alternatively, if the precursors contain multiple members of the NFAT family as shown for naive T cells, the bias could stem from the fact that the smallest isoform of NFAT2 is the only NFAT protein subject to positive autoregulation (Chuvpilo et al. 1999; Zhou et al. 2002) . Based on precedents in other systems (Davidson 2001) , a likely scenario is that the NFAT proteins present in resting naive T cells become activated at the start of the T-cell differentiation program, and upregulate expression of the small isoform of NFAT2. This protein then maintains high levels of its own expression in a positive feedback loop. If, as is likely, high-level expression is essential to maintain the differentiated state, loss of the redundant NFAT proteins present at low levels in the resting precursor cells would have little or no discernible effect on the differentiation program, whereas genetic manipulations that resulted in loss of the short NFAT2 isoform would have a major effect. This distinction may be exacerbated by the fact that, as discussed above, the short NFAT2 isoform has a transactivation domain that differs significantly from those of the other NFAT proteins, and so may assemble into different types of transcriptional complexes in the nucleus.
NFAT-regulated target genes in differentiated T cells
Study of NFAT function in the immune system has the major advantage that very many NFAT target genes are known. Many such genes were identified by individual analysis of T cells, B cells, NK cells, and mast cells activated through their antigen and Fc receptors (for review, see Rao et al. 1997; Kiani et al. 2000; Serfling et al. 2000; Macián et al. 2001 ). Others were found by analysis of cells lacking one or more members of the NFAT family: For instance, mature T cells express predominantly two NFAT proteins, NFAT1 and NFAT2, and T cells lacking both proteins produced almost no cytokines upon stimulation , indicating that NFAT is essential for activating transcription of most T-cell cytokine genes. Yet others have been found by DNA array analyses: For instance, transcriptional profiling of T cells from control individuals and from patients with a primary defect in store-operated Ca 2+ entry revealed that almost as many genes are repressed as are activated by Ca 2+ /calcineurin signaling (Feske et al. 2001) . It is likely that many of the calcineurin-regulated genes are also NFAT target genes. NFAT could repress gene transcription by recruiting corepressors or by partnering with known transcriptional repressors on DNA; it has been suggested that CDK4 transcription can be repressed by recruiting histone deacetylases to a site just 3Ј of the transcription start site of the CDK4 gene (Baksh et al. 2002) .
Transcriptional profiling of differentially stimulated T cells revealed two distinct classes of NFAT target genes, one class controlled by NFAT with AP-1 and the other class by NFAT without AP-1 . The NFAT:AP-1 complex regulates a very large set of activation-associated genes, classically associated with an ongoing immune response; it is formed through activation of both Ca 2+ and PKC/MAP kinase signaling pathways as discussed previously. In contrast, Ca 2+ signaling without PKC/MAP kinase signaling activates NFAT but not AP-1, inducing a much smaller set of genes that encode putative negative regulators of the immune response. It is striking that the same transcription factor, NFAT, can impose these two opposing biological programs in the same cells. The genes controlled by NFAT without AP-1 may be regulated through B-like DNA elements that bind NFAT dimers (see above); or through elements to which NFAT binds cooperatively with partners that are present in resting cells or are activated by Ca 2+ signaling.
Involvement of NFAT in chromatin-based processes underlying cell differentiation
Not only does NFAT regulate gene expression programs in fully differentiated T cells, but also it plays a critical role in the differentiation process itself (Avni et al. 2002;  for review, see Avni and Rao 2000; Ansel et al. 2003) . Naive T cells are T cells that have matured in the thymus and emerged into the periphery but have not yet encountered antigen. When these cells are first exposed to antigen, they differentiate into effector T cells with the ability to transcribe specific subsets of cytokine genes in response to secondary stimulation. Effector Th1 cells transcribe the IFN-␥ gene but silence the linked IL-4, IL-5, and IL-13 genes, whereas effector Th2 cells display the converse expression pattern. The process of Th1/Th2 differentiation involves early antigen-induced changes in chromatin structure at all these cytokine genes; these changes are transient unless maintained by simultaneous stimulation with cytokines (IL-12 and IL-4 for Th1 and Th2 differentiation, respectively). Mechanistically, the first stimulation with antigen and cytokine elicits transient activation of NFAT and STAT transcription factors (STAT4 and STAT6 in response to IL-12 and IL-4 stimulation, respectively). NFAT cooperates functionally with STAT proteins at cytokine regulatory regions, initiating long-range changes in DNase I hypersensitivity and histone modification throughout the locus. At the same time antigen and cytokine stimulation synergize to induce (presumably via NFAT and STAT factors) the expression of lineage-specific transcription factors that maintain the transcriptionally competent status of the cytokine genes. Like NFAT2, the lineagespecific factors (T-bet and GATA3 in Th1 and Th2 cells, respectively) autoregulate their own expression, thus contributing to maintenance of the differentiated state; upon restimulation with antigen, they cooperate with NFAT to induce rapid, high-level expression of the cytokine genes.
Other biological systems in which NFAT is implicated
NFAT is expressed in many cell types and contributes to diverse cellular functions (Crabtree and Olson 2002; Horsley and Pavlath 2002; Graef et al. 2003; Hill-Eubanks et al. 2003) . As discussed in the previous sections, the cellular context, the source and timing of the Ca 2+ / calcineurin signal, the nature of other signals that are activated at the same time, and the flexibility of NFAT in forming transcriptional complexes with different partners, all make important contributions to the final biological output. In this section we discuss three selected systems of cell differentiation in which Ca 2+ /calcineurin signaling and NFAT activation have been implicated. Like Th1/Th2 differentiation, osteoclast differentiation represents a developmental choice in which NFAT drives a common precursor cell toward one of two distinct sibling lineages (macrophages or osteoclasts) by controlling the expression of a specific subset of target genes. In cardiac valve development, NFAT is called upon to make a spatially and temporally precise contribution to a complex morphogenetic program, in which NFAT activation in a very small subset of cells at a very specific time is essential for tissue remodeling. In slowtwitch fiber differentiation in skeletal muscle, NFAT participates in activity-dependent reprogramming of myosin heavy chain (MyHC) gene expression, sensing a Ca 2+ signal that reflects a prolonged change in the pattern of contractile activity, and effecting a change in phenotype of a fully differentiated cell.
Osteoclast differentiation
Osteoclasts are key cellular participants in bone resorption and remodeling. They differentiate from precursors belonging to the monocyte/macrophage lineage under the influence of signals from osteoblasts or bone marrow stromal cells (Chambers 2000; Teitelbaum 2000) . Secreted M-CSF and RANKL presented on the surface of osteoblasts or stromal cells are the essential signals in vivo, with other extracellular signaling molecules and substrate adhesion also playing a role. The transcription factors c-Fos and NFB have been recognized as essential for osteoclast differentiation based on the osteopetrotic phenotype of c-Fos-and NFB-deficient mice (Grigoriadis et al. 1994; Franzoso et al. 1997) . Osteoclast differentiation is a process occurring over several days (Fig. 8) , with sequential expression of markers and, usually, fusion into multinucleated cells. Fully mature osteoclastic cells are marked by the expression of the calcitonin re- ceptor (Hattersley and Chambers 1989) and the ability to resorb bone.
Various experimental models of osteoclast differentiation have been developed. The combination of M-CSF and soluble RANKL will support differentiation of osteoclasts from a mixed population of bone marrow cells or spleen cells ( Fig. 9 ; Lacey et al. 1998; Yasuda et al. 1998) , and inclusion of TGF␤ increases the yield of differentiated cells (Chambers 2000) . The cellular complexity of the model is reduced in studies using the RAW264.7 monocyte/macrophage cell line, which undergoes differentiation when stimulated with soluble RANKL alone or with RANKL together with additional signals (Hsu et al. 1999; Meiyanto et al. 2001; Ishida et al. 2002; Shui et al. 2002) . With some protocols, RAW264.7 cells progress to multinucleated osteoclast-like cells that express calcitonin receptor (Shui et al. 2002) and are able to resorb bone in vitro (Hsu et al. 1999; Meiyanto et al. 2001; Shui et al. 2002) .
Both calcineurin signaling and NFAT have been implicated in the differentiation of osteoclasts. In an early report using limb bones cultured from fetal rats, CsA did not initially alter bone resorption, but decreased bone resorption after several days in culture, a finding attributed to its inhibition of osteoclast formation (Orcel et al. 1991) . A more compelling connection between calcineurin and osteoclast differentiation has been made in a bone marrow culture model, in which either CsA or FK506 caused a concentration-dependent inhibition of differentiation of tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells (Takayanagi et al. 2002) . Similarly, in the RAW264.7 cell model of osteoclastogenesis, CsA blocked RANKL-induced formation of multinucleated cells (Ishida et al. 2002) , and either CsA or FK506 largely inhibited formation of multinucleated cells and up-regulation of calcitonin receptor mRNA by the combination of M-CSF, RANKL, and TGF␤ (Shui et al. 2002) . Two separate lines of evidence implicate NFAT2 in the process. First, NFAT2 −/− ES cells fail to differentiate into osteoclasts under conditions in which wild-type cells differentiate (Takayanagi et al. 2002) . Second, in RAW264.7 cells, reduction of NFAT2 protein levels by introduction of an antisense NFAT2 construct mimicked the inhibitory effect of CsA on formation of multinucleated cells (Ishida et al. 2002) . The latter conclusion is provisional, because unexpectedly the effect did not require induction of the antisense mRNA with doxycycline, and because no control antisense constructs were tested.
Both the experiments with bone marrow cells (Takayanagi et al. 2002) and those with RAW264.7 cells (Ishida et al. 2002) have provided evidence of a two-stage differentiation process, in which first NFAT2 expression is switched from a relatively low to a relatively high level by inducible transcription factors including c-Fos and NFB, and then NFAT2 cooperates with some of the same proteins to activate transcription from promoters of genes characteristic of terminal differentiation. Depending on the experimental model, there are differences in detail at the first stage. In bone marrow osteoclasts, FK506 blocked NFAT2 mRNA and protein induction, and overexpression of NFAT2 forced expression of the endogenous NFAT2 gene. Moreover, c-Fos was necessary for NFAT2 expression. These findings are circumstantial evidence that the calcineurin-NFAT pathway participates in NFAT2 induction through composite NFAT-AP1 sites in the NFAT2 promoter, a mechanism that has been documented previously in T cells (Chuvpilo et al. 2002; Zhou et al. 2002) . In RAW264.7 cells, in contrast, CsA did not block NFAT2 protein induction or TRAP expression, even though it prevented progression to multinucleated cells (Ishida et al. 2002) . The difference is not a major discrepancy, but rather suggests that it is possible to bypass the requirement for NFAT when certain other transcription factors are present in sufficient amounts. It is clear from other evidence that the signaling context in RAW264.7 cells diverges from that in the bone marrow osteoclast precursors, because RAW264.7 cells need only RANKL stimulation to trigger differentiation.
Points that have not been clarified for differentiating bone marrow cells are the source of the Ca 2+ signal that initiates up-regulation of the NFAT2 gene and whether NFAT2 itself or another NFAT-family protein transmits the Ca 2+ signal at the earliest times. NFAT4 mRNA has been detected by DNA microarray analysis in a bone marrow cell population that contains precursors of osteoclasts (M. Sǔ sǎ , pers. comm.), and NFAT1 protein and NFAT4 mRNA have been documented in RAW264.7 
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Cold (Wang et al. 1995; Ishida et al. 2002) . It can be presumed that, beyond the earliest times of induction, NFAT2 expression becomes self-reinforcing as the protein accumulates and is activated.
In the second stage of differentiation, when NFAT cooperates with other factors to control a collection of differentiation genes, the basis for its transcriptional signaling is clear. NFAT protein levels are high. Newly accumulated NFAT2 protein is at first mainly cytoplasmic, both in differentiating bone marrow cells and in RAW264.7 cells (Ishida et al. 2002; Takayanagi et al. 2002) . As part of the differentiation process, RANKL leads to cytoplasmic Ca 2+ oscillations after ∼24 h ( Takay anagi et al. 2002) , and NFAT2 becomes mainly nuclear by 72 h in differentiating bone marrow osteoclasts, and by day 2 of stimulation with RANKL in RAW264.7 cells (Ishida et al. 2002; Takayanagi et al. 2002) .
Target genes for NFAT may include many of the definitive differentiation markers of osteoclasts. Sequences typical of composite NFAT-AP1 sites can be recognized in the promoters of several osteoclast genes, including the genes encoding TRAP and calcitonin receptor (Anusaksathien et al. 2001; J. Nardone, unpubl.) . NFAT2 and c-Fos act synergistically at the TRAP promoter, and this cooperation requires NFAT2 residues that have been shown to stabilize the NFAT-AP1 interaction (Takayanagi et al. 2002) , consistent with NFAT-AP1 cooperation at composite sites in the TRAP promoter. Overexpression of NFAT2 in osteoclast precursor cells causes differentiation in the absence of RANKL (Takayanagi et al. 2002) . A physical interpretation, to the extent that composite NFAT-AP1 sites are used, is that a high level of NFAT shifts the equilibrium for complex formation on DNA so that the lower levels of AP1 proteins present without RANKL stimulation are sufficient. It is plausible that a similar shift occurs in the requirement for other cooperating transcription factors when NFAT2 is overexpressed.
The models of osteoclast differentiation are attractive experimental preparations for studying how NFAT signaling is integrated with other inputs in a progressive process of differentiation. The experiments so far have uncovered a diverse set of potential target genes including previously characterized markers of osteoclast differentiation and the genes shown by microarray analysis to be induced in differentiating osteoclasts (Cappellen et al. 2002; Takayanagi et al. 2002) and in RAW264.7 cells (Ishida et al. 2002) . These well-defined in vitro models will permit increasingly fine dissection of the role of NFAT in differentiation of osteoclasts from their precursor cells, in terms of which genes are controlled, the timing of their induction, the promoter sites where NFAT binds, and the partner proteins that cooperate in gene induction.
Cardiac valve development
Vertebrate heart development is a choreographed progression-intricately patterned in time and space-from specification of cardiogenic mesoderm to an anatomically organized and functioning heart (Fishman and Chien 1997; Sucov 1998; Bruneau 2002; McFadden and Olson 2002) . One crucial element of cardiogenesis is the formation of valves between the developing atrial and ventricular chambers and in the outflow tract (Eisenberg and Markwald 1995) . In outline, this process requires specification of the locations at which the valve primordia will form; the initial elaboration of an acellular matrix at these sites; the population of this matrix by cells that originate in the early endothelium; and subsequent cell proliferation, production of matrix materials, and remodeling (Fig. 10) .
Gene targeting has implicated NFAT2 in this developmental process. Mice homozygous for two different Figure 10 . Schematic view of cardiac valve formation. The primitive heart tube consists of two cellular layers, an outer layer of developing myocardium and an inner layer of developing endocardium. Initially, the cardiac cushions form as locally thickened extracellular matrix between the myocardial and endocardial cell layers. Later some cells of the endocardial layer detach from their neighbors, undergo an endothelial → mesenchymal transition, and migrate into the underlying cardiac cushion. This migration is followed by secretion of additional components of extracellular matrix, cell proliferation, further differentiation, and remodeling of the valve as a whole into its definitive morphology. In the schematic diagram, labels indicate the endothelial (E) and myocardial (M) layers for orientation, the acellular cardiac cushion primordium or the cardiac cushion (C), and the fully formed valve (V). single-exon deletions in the NFAT2 gene display defects in cardiac valve and septum formation (Fig. 11; de la Pompa et al. 1998; Ranger et al. 1998a) . Consistent with the observed developmental deficits, NFAT2 mRNA and protein are present in murine cardiac endothelium throughout the period of cardiac morphogenesis from a simple tube to a four-chambered heart (de la Pompa et al. 1998; Ranger et al. 1998a; Kim et al. 2001 ). NFAT2 is not detected in the two other classes of cells directly involved in valve development, myocardial cells and cardiac cushion mesenchymal cells.
NFAT is activated in the cardiac endothelium of wildtype embryos. The NFAT2 protein in endocardial cells lining the cardiac cushions is mostly localized to the cell nuclei in the relevant period from embryonic day 8.5 (E8.5) to E12.5, and its nuclear localization is reversed by a high concentration of CsA or FK506 applied to the whole embryo (de la Pompa et al. 1998; Ranger et al. 1998a ). These observations are consistent with an ongoing local signal, from myocardium or from endocardium itself, that acts intracellularly through the Ca 2+ /calcineurin pathway to activate NFAT. Fluid shear forces are also likely to trigger or modulate transcription locally in the embryonic heart (Hove et al. 2003 ), but their connection to activation of NFAT has not been investigated. A less conventional proposal, based on the reduced nuclear localization of NFAT2 in atrioventricular canal endothelium of connexin-45-null mouse embryos at E9.5, is that a signal to activate the Ca 2+ /calcineurin pathway propagates laterally between endocardial cells via gap junctions (Kumai et al. 2000) . However, connexin-45 is predominantly expressed in myocardium rather than in endothelium (Alcoléa et al. 1999) , and already at E9-E9.5, the myocardium of connexin-45-null mouse embryos shows impaired conduction and contractile activity in the atrioventricular canal (Kumai et al. 2000) . Thus the observations in connexin-45-null embryos might equally be explained in more conventional terms, either by reduced signaling from myocardium or by reduced shear stresses.
A possible local signal for NFAT activation is VEGF, which triggers nuclear import of NFAT2 in pulmonary valve endothelial cells cultured from postnatal human heart (Johnson et al. 2003) , just as VEGF triggers activation of NFAT1 in vascular endothelial cells (Armesilla et al. 1999; Hernández et al. 2001) . VEGF and its receptor VEGF-R2/Flk-1 are present in the heart rudiment, and it is known that increased expression of VEGF at E10 terminates the endothelial → mesenchymal transformation in the valve primordia and possibly promotes expansion and differentiation of the endothelial cell layer (Dor et al. 2001 (Dor et al. , 2003 . Given that NFAT protein is nuclear as early as E8.5, if, in fact, VEGF is the principal trigger for NFAT activation, even the low levels of VEGF present before E10 have a direct role in cardiac valve formation.
It has not been resolved whether the crucial requirement for NFAT2 in cardiac valve development is for transcription of a gene (or genes) during remodeling of the cardiac cushions into the definitive valve morphology, or for transcription in early endothelium that sets the cellular context for later developmental decisions when these cells complete differentiation as endothelium or leave the endothelium and become cardiac cushion mesenchymal cells. The prominent nuclear localization of NFAT2 both early in the endothelium of the heart tube and later in endothelium overlying the cardiac cushions is consistent with either scenario. It also remains to be determined whether the abnormalities in mice deficient in NFAT2 are caused by an altered level and timing of expression of endothelial genes that are common to cardiac and vascular endothelium, or result from failure to read out genes that are specific to cardiac endothelium. The preferential expression of NFAT2 and GATA5 in cardiac endothelial cells hints at the latter possibility.
Insight into the transcriptional targets downstream of NFAT2 in later stages of cardiac endothelial development has come from experiments with the TC13 cell line (al Moustafa and Chalifour 1993) , which serves as a model of differentiation of cardiac mesoderm into endocardium. In these cells, NFAT2 and GATA5 synergistically activate a luciferase reporter linked to the endothelin-1 (EDN1) promoter (Nemer and Nemer 2002) . Reduced expression of endothelin-1 would not by itself explain the defects in NFAT2-null mice, because the cardiac phenotype of EDN1-null mice has rather low penetrance and is basically restricted to the outflow tract (Kurihara et al. 1995) . However, GATA5 is a key transcription factor in expression of the endothelial/endocardial repertoire in TC13 cells (Nemer and Nemer 2002) , and is likely to play a similar role in the embryo through its expression in precardiac mesoderm and its progressive restriction, within the heart, to endothelium during early cardiogenesis (Morrisey et al. 1997) . In establishing that NFAT2 can cooperate with GATA5, the example of the EDN1 promoter highlights the possibility that endocardial gene promoters will become a case study for functional and biochemical interactions of NFAT-and GATA-family proteins.
Physiological control of myosin heavy chain I (MyHC I) expression
Mammalian skeletal muscles are a mosaic of muscle fibers that differ in their complement of myofibrillar proteins and of metabolic enzymes, and therefore in their contractile properties (Fig. 12) . The contractile properties of individual muscle fibers correlate with the MyHC isoform expressed. Thus, a useful classification divides muscle fibers into four principal types: slow-twitch fibers that express MyHC I, and three subtypes of fasttwitch fibers that express MyHC IIa, IId, or IIb, respectively (Pette and Staron 2000) . Prolonged changes in the contractile activity of a differentiated muscle fiber can alter the expression of MyHC and other genes, and thus can cause a transition of an existing muscle fiber from one class into another. Completion of such a transition requires weeks, owing to the slow turnover of myofibrillar proteins.
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Cold Spring Harbor Laboratory Press on February 23, 2012 -Published by genesdev.cshlp.org Downloaded from Calcineurin, NFAT, and induction of MyHC I gene expression: Calcineurin is clearly implicated in the transition in which fully differentiated fast-twitch muscle fibers are induced by chronic activity to express slowtwitch MyHC I. In one experimental model, myotubes from newborn rabbit hindlimb muscles were grown in culture on gelatin bead microcarriers, which provide firm anchorage for the myotubes and prevent the detachment of mature contracting myotubes that usually occurs in culture (Kubis et al. 1997) . Over a period of weeks, the cultures matured to contain a mixture of the fast-twitch MyHC isoforms IIa, IId, and IIb, and negligible levels of the slow-twitch MyHC I (Kubis et al. 1997; Meißner et al. 2000 Meißner et al. , 2001 Kubis et al. 2002) . Electrical stimulation in a pattern characteristic of the activity of slow-twitch muscle altered the course of maturation, resulting in elevated expression of MyHC I mRNA and protein (Meißner et al. 2001; Kubis et al. 2002) . The Ca 2+ ionophore A23187 mimicked this effect of stimulation (Kubis et al. 1997; Meißner et al. 2000 Meißner et al. , 2001 , and CsA prevented the up-regulation of MyHC I mRNA and protein in both cases (Meißner et al. 2001 ), thus implicating a Ca 2+ /calcineurin pathway in the process. A second model examined isolated individual skeletal muscle fibers from mouse flexor digitorum brevis (Liu and Schneider 1998) . This muscle is composed mainly of fast-twitch fibers, and MyHC I expression is not detectable in the majority of fibers by single-fiber reverse transcription-PCR (RT-PCR; Liu and Schneider 1998) . When the isolated muscle fibers were stimulated in a pattern characteristic of slow-twitch muscle, MyHC I mRNA became detectable in nearly all the individual fibers within 6 d (Liu and Schneider 1998) . The up-regulation of MyHC I mRNA in these experiments in vitro directly parallels that observed upon comparable electrical stimulation of fast-twitch muscle in vivo (Kirschbaum et al. 1990; Brownson et al. 1992; Windisch et al. 1998) . Both in intact muscle stimulated ex vivo and in the rabbit myotubes, an increase in MyHC I mRNA is detected as early as 24 h after the onset of stimulation (Barton- Davis et al. 1996; Kubis et al. 2002 Kubis et al. , 2003 .
Several other experimental protocols have implicated calcineurin in activity-dependent replacement of MyHC II isoforms by MyHC I in vivo (Dunn et al. 1999 ; Serrano Muscle fiber contractile properties correlate with the isoform of myosin present. This point was first established by observing the contractile properties of individual motor units, the subset of muscle fibers that contract when a single motor nerve axon is stimulated. In the experiment illustrated, three classes of mechanical response were observed in cat gastrocnemius, and designated FF, FR, and S. (In the classification adopted in this review, FF motor units consist of type IIb or IId fibers, FR units of type IIa fibers, and S units of type I fibers.) The responses are most reliably classified by the rate of decline in peak tension during repeated trains of stimulation (FATIGUE) and by the presence or absence of a slight "sag" in the response to a single train of stimuli (TETANUS). After the contractile properties were determined, muscle fibers belonging to the motor unit were marked by prolonged stimulation to deplete their stores of glycogen, and serial cross-sections were made from the muscle. Sets of cross-sections from the same muscles whose mechanical responses are depicted at the left show the fibers marked by depletion of glycogen (arrows) and the staining for myofibrillar ATPase under different conditions. Individual myosin isoforms have differing intrinsic ATPase activity and differing sensitivity to preincubation at pH 4.65, and this feature is apparent in the mosaic pattern of ATPase staining. However, all the muscle fibers innervated by a single axon shared a common history of activity prior to the experiment, and have similar myofibrillar ATPase staining. This experiment was not designed to answer whether individual muscle fibers express a single isoform of MyHC or a mixture of isoforms. However, more recent studies of dissected single muscle fibers have documented the tight correlation between muscle contractile properties, specifically speed of contraction, and the specific myosin isoform expressed (for review, see Pette and Staron 2000) . Figure modified with permission from Burke et al. (1971) . © 1971 American Association for the Advancement of Science. Irintchev et al. 2002; Pallafacchina et al. 2002 ; for review, see Schiaffino and Serrano 2002) . For instance, CsA, FK506, or overexpression of a fragment of the calcineurin inhibitor Cain/Cabin1 blocks the upregulation of MyHC I elicited in regenerating rat or mouse soleus muscle by physiological signaling from its nerve (Serrano et al. 2001; Irintchev et al. 2002; Pallafacchina et al. 2002) . CsA similarly blocks the up-regulation triggered in denervated regenerating soleus by electrical stimulation ( Fig. 13 ; Serrano et al. 2001) . In these protocols, muscle satellite cells recapitulate the developmental progression myoblast → myotube → muscle fiber and the sequential expression of myosin isoforms that occurs during soleus development, and the signaling pathways and promoter elements called into play are likely to be more complex than in the simple case of electrical stimulation of fully differentiated fast-twitch muscle fibers. CsA blocks the increase in MyHC I mRNA and MyHC I-positive fibers brought about by experimentally induced overload of mouse plantaris in vivo (Dunn et al. 1999 ). This experimental model also triggers additional signaling pathways, because it leads to a prominent compensatory hypertrophy that initially increases the expression of several myosin isoforms. Finally, calcineurin may contribute to the maintenance of MyHC I expression in slow-twitch muscle fibers in vivo, because chronic CsA treatment results in the partial replacement of MyHC I protein by fast-twitch myosin isoforms in the soleus muscle of mice and rats (Chin et al. 1998; Bigard et al. 2000; Irintchev et al. 2002) . Although the in vivo models differ in detail from the in vitro models described above, collectively these findings reinforce the message that calcineurin conveys a signal for expression of MyHC I.
The evidence that NFAT is a transcriptional effector for MyHC I gene expression is more circumstantial. NFAT mRNAs and proteins are present in skeletal muscle, including the rabbit myotubes grown on gelatin beads Abbott et al. 1998; Dunn et al. 2000; Swoap et al. 2000; Meißner et al. 2001; Kubis et al. 2002) . NFAT2, or NFAT2-GFP expressed from an adenovirus vector, is activated and imported into the nucleus when the myotubes or muscle fibers are electrically stimulated, and this response is prevented by CsA (Y. Kubis et al. 2002 Kubis et al. , 2003 . Nuclear import is observed in response to specific patterns of stimulation that produce MyHC I induction, but not in response to a pattern that fails to induce MyHC I (Kubis et al. 2002) . Thus, empirically, NFAT is a suitable transcriptional effector to relate muscle activity to MyHC I gene expression, either directly by its binding to the MyHC I promoter or indirectly through regulating genes that control MyHC I induction.
NFAT activation by muscle activity: How does intracellular Ca 2+ signaling in skeletal muscle fibers activate NFAT? Contracting skeletal muscle cells generate spikes in cytoplasmic Ca 2+ concentration that are exceedingly brief and frequent compared with Ca 2+ oscillations in T cells. The conventional interpretation has been that the brief spikes control contraction, whereas a sustained elevation of baseline Ca 2+ controls transcriptional activation. This interpretation may be an oversimplification. Clearly, NFAT in the experimental models can respond to elevated basal Ca 2+ , and MyHC I mRNA can be induced, as shown in experiments using Ca 2+ ionophores (Kubis et al. 1997; Meißner et al. 2000 Meißner et al. , 2001 Y. Liu et al. 2001) . There is also evidence that basal Ca 2+ in fully differentiated slow-twitch fibers is modestly higher than that in fast-twitch fibers (Carroll et al. 1997) , a situation that could contribute to the maintenance of MyHC I gene expression in slow-twitch fibers. However, stimulation that initiated the switch to MyHC I expression in the experimental models in vitro produced no change in the fast Ca 2+ transients and no change in basal Ca 2+ (Liu et al. 1999; Kubis et al. 2003) . Thus, although continuous electrical stimulation leads under some conditions to moderate increases in basal Ca 2+ (Sreter et al. 1987; Carroll et al. 1999) , elevated basal Ca 2+ is not an obligatory part of the calcineurin-MyHC I pathway nor of NFAT activation. Rather, NFAT is responding either to the pattern of rapid Ca 2+ transients or to highly localized changes in Ca 2+ concentration that are not detected as globally elevated basal Ca
2+
. In either case, the mode of activation differs from the classical mode of NFAT activation by a simple sustained elevation of cytoplasmic Ca 2+ . Once NFAT is activated, moreover, it shows a novel ability to deliver a signal to the nucleus that averages Figure 13 . CsA prevents expression of MyHC I in response to activity. Rat soleus muscles were denervated, damaged with bupivacaine, and allowed to regenerate. Cross-sections were taken after regeneration from a muscle that had not been stimulated (left), a muscle that had been stimulated electrically in a firing pattern resembling slow-twitch muscle activity (center), and a muscle that had been electrically stimulated and treated with CsA (right). Staining with an antibody to MyHC I demonstrated that MyHC I protein was present in the vast majority of fibers in the stimulated muscle, but not in fibers of the unstimulated muscle, and that the appearance of MyHC I was prevented by CsA. muscle activity over lengthy periods, including periods when activity is interrupted by intervals of rest. In both experimental models there was a progressive accumulation of nuclear NFAT2 during ongoing intermittent stimulation, and only a slow or very slow exit of NFAT2 from the nucleus during the intervals between periods of stimulation (Y. Kubis et al. 2002 Kubis et al. , 2003 . Strikingly, in rabbit myotubes after 24 h of intermittent stimulation, NFAT remained fully nuclear in the majority of cells even 30 min after stimulation ceased (Kubis et al. 2003) , and in the isolated individual muscle fibers, export of NFAT2 was incomplete even 2 h after stimulation ended (Y. . The slow nuclear accumulation and slow export of NFAT2 in skeletal muscle stand in contrast to the rapid import and export of NFAT proteins in T cells. The underlying mechanism is not known: Calcineurin signaling could be prolonged in the nucleus of fibers subjected to chronic low-frequency stimulation, the capacity for rephosphorylation of NFAT could be limited by low levels or by inhibition of the relevant kinases, or export of NFAT from the nucleus could lag behind rephosphorylation.
The effective confinement of intracellular Ca 2+ signaling to restricted spatial domains is increasingly recognized (Zaccolo et al. 2002) . Skeletal muscle fibers, in particular, with their stereotyped ultrastructural organization, offer vast opportunities for spatial compartmentalization of signaling, and it is conceivable that compartmentalization shapes the response of NFAT to muscle activity. In the experiments on isolated single muscle fibers, NFAT2-GFP was present at the Z-disks (Y. . Calsarcin-family proteins mediate binding of a proportion of skeletal muscle calcineurin to the Z-disks Frey and Olson 2002) , placing both calcineurin and NFAT2-GFP near the sites of intracellular Ca 2+ release-junctional triads-which flank the Z-disks. On the other hand, overexpressed NFAT2-GFP was not detectably depleted from these sites by physiological stimulation that produced maximal nuclear import (Y. , whereas endogenous NFAT2 in differentiated myotubes could be essentially quantitatively recruited to the nucleus (Kubis et al. 2003) . Possibly the Z-line sites are not the source of NFAT2 that is recruited to the nucleus; alternatively, it may be that these sites are the source under physiological conditions, but that overexpression of NFAT2-GFP provides much higher levels of protein than can be processed by the signaling and nuclear import machinery. It will be important to know whether the observed localization of NFAT2-GFP reflects the localization of endogenous NFAT2 or other endogenous NFAT isoforms in muscle cells, and, if so, whether this spatial distribution is mandatory for efficient NFAT activation.
Promoter elements controlling MyHC I expression: The key steps in activity-dependent induction of MyHC I in fast-twitch fibers have not been delineated, but it is likely that long-range changes in chromatin structure are involved. The MyHC I gene (termed the ␤-MyHC gene in the cardiac literature) is at a locus directly adjacent to the cardiac ␣-MyHC gene. Only MyHC I is normally expressed in skeletal muscle of adult mammals. Both in vivo and in vitro, however, the transition from fasttwitch to slow-twitch myosin in skeletal muscle is accompanied by the transient expression of cardiac ␣-MyHC (Peuker et al. 1995 (Peuker et al. , 1999 Kubis et al. 1997) , suggesting changes in chromatin structure throughout the region containing the linked genes. Conversely, ␤-MyHC (MyHC I) is expressed in developing hamster cardiac muscle and is down-regulated in the heart shortly after birth, and corresponding alterations in chromatin accessibility are detectable in prominent DNase I hypersensitive sites 2.3 kb upstream of the transcription start site and in the proximal promoter region (Huang et al. 1997; Huang and Liew 1998) . Initial expression of genes in developmental programs is often controlled by signaling inputs addressed to one promoter module, whereas continuing stable expression is locked in by transferring control to another module with overlapping but not identical inputs (Davidson 2001) . To determine whether there are dedicated promoter elements that initiate the fast-twitch to slow-twitch transition in skeletal muscle, it would be useful to map DNAse I hypersensitive sites in the entire locus in fully differentiated fasttwitch and slow-twitch skeletal muscle, as well as in fast-twitch skeletal muscle during the early stages of the MyHC transition.
Maintenance of MyHC I expression in differentiated slow-twitch muscle fibers involves a proximal ∼600-bp promoter element that has been shown to confer expression in slow-twitch skeletal muscle of transgenic animals (Rindt et al. 1993 ) and additional regulatory regions further upstream of the transcription start site (Rindt et al. 1993; Giger et al. 2000) . The requirement for upstream elements is displayed vividly in the higher expression level of a reporter transgene driven by an ∼5.6-kb fragment of the MyHC I promoter, compared with the level driven by the 600-bp promoter fragment (Rindt et al. 1993) . Although the 5.6-kb promoter fragment gave well-regulated expression of its reporter transgene in mouse soleus (Rindt et al. 1993; Knotts et al. 1996) , two of four transgenic lines also showed unanticipated strong expression in mouse masseter (Rindt et al. 1993 ), a muscle that has no slow-twitch fibers, indicating that even more distal regions containing additional transcriptional control elements remain to be identified. Comparative sequence analysis, discussed in a previous section, shows that there are conserved untranslated sequences scattered to at least 12.5 kb upstream of the transcription start site of the MyHC I gene (J. Nardone, unpubl.). These observations call for a renewed analysis of which elements of the MyHC I promoter confer expression in slow-twitch muscle fibers in vivo.
Even though information on the cis-acting elements linking muscle activity to MyHC I expression is incomplete, it is useful to consider briefly how NFAT signals could converge with other signals to control the expression of muscle-specific genes. Cellular identity as skeletal muscle is likely to be registered at the gene promoter by muscle-specific transcription factors such as MyoDfamily proteins. The fact that MyHC expression is sen-sitive to diverse inputs, including pattern of activity, mechanical loading, hormonal signals, and developmental signals, implies that there are many relevant inducible pathways, but among them two call for special comment. MEF2 proteins are prominent in skeletal muscle and represent a second pathway from calcineurin to DNA McKinsey et al. 2002) . MEF2 is active in both type I slow-twitch fibers and type IIa fasttwitch fibers, and is downstream of calcineurin in a signaling pathway that controls the transition from type IIb and IId fast-twitch fibers to type IIa fast-twitch fibers in response to muscle activity (Wu et al. , 2001 Allen and Leinwand 2002) . In principle, MEF2 could bind in conjunction with NFAT at some promoters (Chin et al. 1998 ) and convey its signal independently at other promoters. There is also the familiar possibility that AP1 could cooperate with NFAT at the MyHC I promoter as it does at cytokine gene promoters. Here the evidence is circumstantial: First, overexpression of an activated Ras protein, acting via the Ras-MAP kinase pathway, caused expression of MyHC I in denervated regenerating soleus (Murgia et al. 2000) ; second, overexpression of a dominant-negative form of Ras prevented induction of MyHC I by reinnervation (Murgia et al. 2000) , proving the place of Ras in normal physiological signaling; third, AP1 proteins are downstream effectors of the Ras-MAP kinase pathway; and finally, plausible composite NFAT-AP1 sites are present in the proximal promoter region of the MyHC I gene in several mammalian species (Kel et al. 1999; J. Nardone, unpubl.) .
These observations are open to other interpretations, of course, because the Ras-MAP kinase pathway has abundant effects on other signaling proteins and transcription factors.
Transcriptional control of slow-twitch fiber differentiation: MyHC I gene expression during the transition from fast-twitch fiber to slow-twitch fiber is only one component of a global reprogramming that includes changes in other myofibrillar proteins; in proteins that release, bind, or sequester Ca 2+ ; and in metabolic enzymes. It is natural to ask whether NFAT links Ca 2+ signaling in skeletal muscle to a battery of genes characteristic of the slow-twitch fiber differentiation program, but the limited experimental evidence on this point has led to divergent interpretations (Chin et al. 1998; Calvo et al. 1999; Swoap et al. 2000; Wu et al. 2000) . Broader participation of NFAT in control of slowtwitch fiber gene expression would not necessarily imply that NFAT is the preeminent input to each of the genes or that NFAT by itself triggers the differentiation program. Targets for further research will be to identify the particular promoters in the slow-twitch fiber differentiation program at which NFAT contributes to expression, and to explore how its contribution at these promoters is shaped by cell identity as reflected in chromatin structure, by cell history reflected in the complement of available transcription factors and cofactors, and by the specific context-normal development, altered activity, or regeneration-in which the slow-twitch fiber differentiation program is invoked.
Conclusion
In this review, we have developed two core themes: that the activation of NFAT proteins is determined by their phosphorylation state, which reflects the intensity of Ca 2+ /calcineurin signaling and the activities of several kinases; and that transcriptionally active NFAT integrates inputs from multiple pathways through its interactions with partner proteins on DNA. The four calcium-regulated NFAT proteins diverged from NFAT5/ TonEBP, their nearest sibling in the Rel family, late in evolutionary history, by acquiring a regulatory region that provided a new channel for communication of intracellular Ca 2+ signaling to DNA and by acquiring a new physical flexibility and novel protein contact surfaces that enabled them to cooperate with a variety of partner proteins in the nucleus. This molecular diversification coincided with the appearance of biological specializations that initiated the vertebrate lineage, and the new NFAT proteins took on a surprisingly varied set of specialized transcriptional roles. The detailed studies of NFAT function in T cells are an important starting point, but afford only a glimpse of the varied inputs and protein partners that are utilized by the four NFAT-family proteins in other biological contexts.
